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We studied surface and electronic structures of barium stannate (BaSnO3) thin-film by low energy
electron diffraction (LEED), and angle-resolved photoemission spectroscopy (ARPES) techniques.
BaSnO3/Ba0.96La0.04SnO3/SrTiO3 (10 nm/100 nm/0.5 mm) samples were grown using pulsed-laser
deposition (PLD) method and were ex-situ transferred from PLD chamber to ultra-high vacuum
(UHV) chambers for annealing, LEED and ARPES studies. UHV annealing starting from 300◦C
up to 550◦C, followed by LEED and ARPES measurements show 1×1 surfaces with non-dispersive
energy-momentum bands. The 1×1 surface reconstructs into a √2×√2R45◦ one at the annealing
temperature of 700◦C where the ARPES data shows clear dispersive bands with valence band
maximum located around 3.3 eV below Fermi level. While the
√
2×√2R45◦ surface reconstruction
is stable under further UHV annealing, it is reversed to 1×1 surface by annealing the sample in
400 mTorr oxygen at 600◦C. Another UHV annealing at 600◦C followed by LEED and ARPES
measurements, suggests that LEED
√
2×√2R45◦ surface reconstruction and ARPES dispersive
bands are reproduced. Our results provide a better picture of electronic structure of BaSnO3 surface
and are suggestive of role of oxygen vacancies in the reversible
√
2×√2R45◦ surface reconstruction.
PACS numbers:
INTRODUCTION
Barium stannate (BaSnO3) has recently been widely
studied for its interesting electronic and optical proper-
ties. As a wide band gap perovskite oxide, it has simulta-
neously shown high room-temperature mobility and op-
tical transparency, making it interesting for applications
ranging from optoelectronics and solar energy to func-
tional devices[1–6]. Its high room temperature mobility
suggests for power electronics applications due to its low
power consumption[7, 8]. The pioneering work of Kim et
al [9] in discovering high room temperature mobility of
300 cm2V−1s−1 in La-doped BaSnO3 (BLSO) suggested
that it can be a possible transparent conducting oxide
(TCO)[10–14] and ignited even more studies.
On the other hand, the importance of BSO as a trans-
parent oxide semiconductor (TOS) has been noted and
extensively studied.[15–19] Its high carrier mobility and
transparency as well as stable oxygen stoichiometry make
BSO a promising material for optoelectronic devices.
The importance of BSO as a TOS naturally calls for
a need to study its physical properties. As the elec-
tronic and optical properties are mostly determined by
the electronic structure, study of electronic structure, es-
pecially that of surface/interface, is one of the most es-
sential properties that has to be done for BSO as an elec-
tronic material. For that reason, the electronic structure
has been investigated by using first principles and tight-
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binding calculations[20–28]. As for the experimental de-
termination of the band structure, it has been limited
to couple of angle-resolved photoemission spectroscopy
(ARPES) studies on BSO[29] and BLSO films[30] which
suggest for an indirect band gap[29] and an upward band
bending at the vacuum interface[30]. However, the study
on BSO was performed on a 8 nm thick film on SrTiO3
(STO) substrate and possible distorted crystal structure
from lattice mismatch between BSO film and STO sub-
strate makes it unclear if the results represents the intrin-
sic property of BSO. It thus calls for additional electronic
studies on relaxed films by ARPES to compare results
with that of bulk crystals.
Surface reconstruction is an important issue for ex-
ploiting its potential for nano-scale electronic devices.
For example, knowledge on the surface reconstruction
of STO under various annealing conditions can provide
important information for oxide electronics application
using STO. The effect of oxygen vacancy (OV) on sur-
face structure and in turn on the electronic structure is
another important aspect of BSO as an electronic mate-
rial candidate that also requires further study to previous
works[31–33]. All these suggest for more surface studies
on relaxed films by surface-sensitive techniques such as
LEED and ARPES.
To have a better picture of surface atomic and elec-
tronic structures of BSO film, and to understand how
those will react to different annealing conditions, we per-
form LEED and ARPES experiments on the surface of
relaxed BSO thin-films. We combine LEED and ARPES
measurements to study the effect of UHV and oxygen
annealing on the surface and electronic structures and
thermal stability of the film. The results show clear band
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FIG. 1. (a) Perovskite cubic crystal structure of
BaSnO3 at room temperature. (b) Schematic of
BaSnO3/Ba0.96La0.04SnO3/SrTiO3 (10nm/100nm/0.5mm)
thin-film grown by PLD method (Figure is not drawn to
scale). (c) Reciprocal space mapping data of (103) peaks.
Red dashed-line shows the symmetry axis of cubic crystal
lattice. (d) X-ray diffraction 2θ scan shows corresponding
peaks for BSO thin-film (red triangles) and STO substrate
(green squares). The inset shows ω-rocking curve data for
the thin-film (red) and the substrate (green). FWHM for the
film is 0.06 while that for the substrate is 0.035. (e) XRD
data in the range 42 − 45.5◦ clearly shows fringe pattern for
the film. ∆θ is the angular distance between fringe pattern
peaks from which we estimate the thickness of the top BSO
and BLSO buffer layers as 11.1 and 98 nm.
dispersions which are partially consistent with those of
a first principles calculation bulk[24]. Our results not
only provide a better understanding of the electronic
structure of BSO thin-film but also reveal OV-induced
reversible surface reconstruction after in-situ UHV an-
nealing. In addition, energy-momentum dispersion from
ARPES measurement suggests that the valence band
maximum (VBM) is located at 3.3 eV below Fermi level.
METHODS
Sample growth
Thin-films of BaSnO3 (BSO) were epitaxially grown
using pulsed laser deposition (PLD) method from a poly-
crystalline target with cubic perovskite crystal structure
and lattice constant of 4.116 A˚ [9] on top of a SrTiO3
(STO) (001) surface at 750◦C (Fig. 1(a)). The lattice
constant of BLSO is almost identical to that of BSO[9].
The base pressure in the PLD chamber was 1.4 × 10−7
Torr. The partial oxygen pressure in the PLD chamber
during growth was 100 mTorr. The growth condition was
similar to that used for the work in Ref [31]. KrF excimer
laser (248 nm) with energy density of 1.43 J/cm2 and in-
tensity of 42.2 mJ was used. To grow BSO thin-film, first
a 100 nm buffer layer of Ba0.96La0.04SnO3 (BLSO) was
grown on the STO substrate to compensate the lattice
mismatch between STO substrate and BSO top layer.
Then top-most BSO film was grown with a thickness of
10 nm (Fig. 1(b)).
X-ray diffraction
To check the epitaxial growth of thin-film we did X-ray
diffraction (XRD), reciprocal space mapping (RSM) and
rocking curve measurements (Fig. 1(c)-(d)). The X-ray
measurement was performed using a D8 Discover high-
resolution x-ray diffraction (Bruker) machine at Institute
for Basic Science, center for correlated electron systems
(IBS-CCES) located at Seoul National University (SNU).
Figure 1(c) is the RSM data which shows the diffraction
patterns for STO and BSO. From the symmetry axis of
cubic crystal lattice (shown by red dashed-line in Fig. 1
(c)) it is obvious that the BSO peak has approached the
line suggesting that the lattice mismatch between STO
substrate and film has dramatically decreased. Figure
1(d) shows θ/2θ wide scan. Peaks from BSO thin-film
are shown with red triangles and peaks from STO sub-
strate are shown with green squares. Our calculation
shows that the experimental values for in-plane and out-
of-plane lattice constants of BSO thin film are 4.113 A˚
and 4.130 A˚, respectively. Comparison of these values
with those of bulk BSO (4.116 A˚) and STO substrate
(3.906 A˚) shows that our film is almost relaxed with slight
compressive strain and elongation in the in- and out-of-
plane directions, respectively. For a full characterization
of the film including transmission electron microscopy
(TEM), resistivity, and Hall mobility data, please see Ref
[31]. The inset image in Fig 1(d) shows fitted ω rocking
curve data for the film and the substrate. Full width at
half maximum (FWHM) for the film (red) is only 0.06
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FIG. 2. 90 eV LEED patterns of BaSnO3 thin-film after annealed at (a) 400
◦C and 1 atm oxygen with 1×1 surface structure
as shown by dashed yellow square. (b), (c), and (d) 300, 400, and 550◦C in UHV condition, respectively and (e) 700◦C; 1×1
surface reconstructs into a
√
2×√2R45◦ surface shown by yellow square. (f) After annealing at 600◦C in 400 mTorr oxygen;√
2×√2R45◦ disappears. (g), (h), and (i) 600, 700, and 750◦C in UHV condition. √2×√2R45◦ reconstruction is reproduced
as a result of a second UHV annealing. Sample was not exposed to air after ex-situ step in (f) (refer to Fig. 3 caption). All
UHV annealing data shown in (b)-(e) and (g)-(i) were taken without exposure to air.
and 0.035 for the STO substrate (green), which indicates
high quality epitaxial growth. Figure 1(e) is an enlarge-
ment of the XRD data in the 2θ range of 42◦-45.5◦. The
peak from the thin film (red triangle) shows clear fringe
pattern which is a characteristic of thin-film XRD pat-
tern. From angular distance between fitted fringe peaks
in Fig. 1(e)), we estimate the thicknesses of BSO top lay-
ers (dBSO) and BLSO buffer layers (dBLSO) to be 11.1
and 98 nm, respectively.
Surface preparation, LEED and ARPES
BSO film samples were ex-situ transferred from the
PLD chamber to the preparation chamber equipped with
a SPECS ErLEED instrument. The pressure in the
preparation chamber was better than 2×10−11 Torr. Sur-
face preparation was done using electron-beam (e-beam)
heating. The annealing temperature was monitored us-
ing a pyrometer with the emissivity of BSO thin-film set
to 0.35. We performed series of UHV and oxygen anneal-
ing on the sample and take LEED data for each annealing
temperature.
For each annealing and LEED measurement, the sam-
ple was in-situ transferred to the ARPES chamber
equipped with a DA30 Scienta Omicron hemispherical
electron analyzer for electronic structure measurements.
All data were taken at low temperature (∼7-12 K) us-
ing a helium discharge lamp with photon energy of 21.2
eV. High symmetry cuts along X-Γ-X and M-Γ-M Data
were taken near the Γ002 point as shown in Fig. 3(s)
and (t). The pressure in the measurement chamber was
better than 1.5× 10−10 Torr.
RESULTS
Surface structure (LEED)
Figure 2(a) shows the LEED data from BSO film after
ex-situ post-annealing in a tube furnace in 1 atm oxy-
gen pressure at 400◦C. A 1×1 surface structure is visi-
ble from LEED diffraction spots as demonstrated by a
yellow dashed square in Fig. 2(a). We should mention
here that the previous step in ex-situ annealing in 1 atm
O2 is necessary towards recovering the dispersive energy
bands. Without this step, the transparent sample even-
tually becomes opaque, an indication that there is too
much OV. This suggests a delicate balance between oxy-
gen vacancy and annealing condition should be achieved.
Figure S1 (See Supplemental Material [34]) shows differ-
ence between two samples (A and B), with and without
step shown in Fig. 2(f). Fig. S1 (a) and (b) shows
that while sample A with ex-situ O2 annealing remains
transparent even with UHV annealing at 700◦C, sample
B starts to become opaque as we increase the UHV an-
nealing temperature. Fig. S1 (c), (d) shows energy dis-
tribution curves (EDCs) taken at kx=0 for two samples.
For sample B, it can be seen that a broad signal starts
to appear at 2.5 - 3 eV below the Fermi level (shown by
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FIG. 3. BSO film grown in a PLD chamber is ex-situ transferred to a UHV chamber for surface studies (LEED and ARPES).
(a), (b), (c) ARPES data before annealing, after UHV annealing at 300◦C, and 400◦C. Afterwards, sample is ex-situ transferred
to a tube furnace to be annealed at 400◦C and 1 atm flowing oxygen. (d) ARPES data taken after sample is ex-situ transferred
back from tube furnace to the ARPES chamber. (e)-(i) Sample annealed in UHV condition starting from 300◦C up to 700◦C.
Then, sample is ex-situ transferred to PLD chamber to be annealed at 600◦C in 400 mTorr O2. (j) ARPES data taken after
sample was in-situ transferred back from PLD chamber to the ARPES chamber. (k) ARPES after annealing at 700◦C in UHV.
All ARPES data were taken with 21.2 eV photons at low temperature (7-12K). Electronic structure of BaSnO3 thin-film taken
along (l) X-Γ-X and (m) M-Γ-M. (n), (o) Second derivative of the data presented in (l) and (m), respectively. (p) Momentum
integrated energy distribution curves (EDCs) for X-Γ-X (red) and M-Γ-M (blue) directions. The inset shows EDCs just below
the Fermi level with no sign of in-gap states. Linear fit of leading edge shown by dashed line. (q) Extracted ARPES bands
from momentum distribution curve (MDC) peak fitting. (r) DFT results for bulk reproduced from Ref. [24] with permission
from c©2013 American Physical Society. (s) Probed location in the kz direction in the Brillouin zone (BZ). (t) Cubic BZ of
BaSnO3. Red and blue lines show the high-symmetry cuts which our ARPES data were taken along. Samples were annealed
in the preparation chamber at 750◦C for 1 hour before in-situ transfer to the ARPES chamber. ARPES data were taken in a
measurement temperature of 12 K and photon energy of 21.2 eV.
blue arrow compared to sample A’s shown by red arrow).
We attribute the broad signal to possible oxygen deficient
in-gap states which are expected as the 1 atm 400◦C O2
annealing was not done for this sample.
Next, we post-anneal the BSO thin-film in-situ in UHV
condition starting from 300◦C up to 550◦C as shown
in Fig. 2 (b)-(d). LEED pattern improves and we see
sharper diffraction spots as we increase annealing tem-
perature indicating that the surface is getting cleaner un-
der UHV annealing. The 1×1 surface structure is clearly
seen (demonstrated by yellow dashed squares). Another
UHV annealing at 700◦C, shows that new features appear
(yellow square) indicating a surface reconstruction (Fig.
2(e)) which will be discussed in details in the Discussion
section as a new
√
2×√2R45◦ surface reconstruction.
Annealing in 400 mTorr oxygen pressure at 600◦C, it
is seen that the
√
2×√2R45◦ surface reconstruction is re-
versed to 1×1 surface (Fig. 2 (f)). Another series of UHV
annealing on the sample reproduces the
√
2×√2R45◦
surface reconstruction. The results are shown in Fig. 2
(g)-(i). Figure 2 (g) shows that after UHV annealing at
600◦C the
√
2×√2R45◦ surface reconstruction starts to
appear again and at 700◦C it becomes more clear (Fig. 2
(h)), and is stable up to 750◦C annealing as shown in Fig.
2 (i). We should notice that the LEED pattern shown
in Fig. 2 (e) is sharper than that of Fig. 2 (h) due to
ex-situ step of 400 mTorr oxygen annealing.
5Electronic structure (ARPES)
In order to have deeper insight into the behavior of
BSO surface as far as surface reconstruction is concerned,
it is important to have information on the electronic
structure. Figures 3 summarize our ARPES data from
BSO thin-film. Figure 3 (a)-(k) shows post-annealing
temperature dependent ARPES data in UHV/O2 con-
dition which will be discussed in details in next section.
Data shown in Figs. 3 (l) and (m) are taken along X-Γ-X
and M-Γ-M, respectively, measured at 12 K after in-situ
UHV annealing at 750◦C. Figs. 3 (n) and (o) show sec-
ond derivatives of the ARPES data presented in panels
(l) and (m). From a linear fit of the leading edge of in-
tegrated EDCs, the valence band maximum (VBM) is
estimated to be at 3.3 eV below the Fermi level as shown
in Fig. 3 (p). Several dispersive bands are observed in
the data. The peak locations of EDCs extracted from
ARPES data in Figure 3 (l) and (m) are shown in Fig. 3
(q). Figure 3 (r) is DFT calculation for bulk re-produced
from Ref. [24]. Figure 3 (s),(t) show the probed mo-
mentum points in the BZ with 21.2 eV photons and the
cubic BZ of BSO where ARPES data were taken along
high symmetry cuts.
DISCUSSION
In this section, we discuss our surface (LEED) and
electronic (ARPES) structure data and how they reveal
a new type of surface reconstruction for BSO film that
has not been reported so far. We discuss the role of
oxygen vacancies in the new surface reconstruction and
its impact on stability of BSO surface.
Before we discuss the surface and electronic structures
presented in the previous section, we wish to touch upon
on the robustness of BSO film surface. As already de-
scribed, PLD grown BSO thin-films were ex-situ trans-
ferred to UHV chambers for surface studies. Our very
first ARPES data of ex-situ transferred film without any
surface treatment already shows broad spectra as pre-
sented in Fig. 3 (a). Subsequent UHV annealing at
300◦C and 400◦C in-situ led to better defined electronic
structure as shown in Fig. 3 (b),(c). Non-dispersive
bands are clearly seen in the ARPES data. We point
out that observation of even non-dispersive bands are
surprising for an ex-situ transferred oxide system, im-
plying that the surface must be quite stable. As we are
more interested in dispersive bands, we did further an-
nealing studies of the film: annealing in 1 atm O2 in a
tube furnace and subsequent annealing in UHV chamber.
ARPES measurements show clear valence bands as will
be discussed below. Therefore, a key observation here is
that BSO has rather a stable surface in comparison with
other oxides, considering we are able to distinguish indi-
vidual bands repeatedly for various annealing conditions.
Figure 2 (a)-(d) show surface structure results af-
ter 1 atm O2 annealing and UHV annealing at 300
◦C,
400◦C, and 550◦C, respectively. Data show a 1×1 sur-
face (dashed yellow square) suggesting that 1×1 surface
of BSO is stable under UHV annealing up to 550◦. The
ARPES data taken after each annealing (Fig. 3 (d)-(h))
shows gradual change towards dispersive bands.
The most interesting observation starts to appear when
we increase the UHV annealing temperature to 700◦C.
The LEED data suggest that the previous 1×1 surface is
now reconstructed into a
√
2×√2R45◦ surface. The rele-
vant reconstructed surface unit cell is shown in Fig. 2(e)
by the solid yellow square compared to the underlying
1x1 unreconstructed lattice unit cell (shown by dashed
yellow square). This is the first evidence for such a sur-
face reconstruction on BSO surface. As for the electronic
structure, ARPES data taken right after LEED show
that non- or weakly-dispersive energy bands from 1×1
are now changed into dispersive bands for
√
2×√2R45◦
surface (Fig 3 (i)).
A natural question to ask is what the origin of the new
surface reconstruction is. To answer this question, we
should notice that it appeared as a result of consecutive
UHV annealing and exposure to incident light from pho-
ton source. This observation suggests that OVs can be
the culprit for the surface reconstruction. To test this
claim, sample was transferred to a chamber and heated
in 400 mTorr O2 at 600
◦C for 1 hour. Then, it was cooled
down to room temperature and then in-situ transferred
to the UHV chamber where LEED experiment was per-
formed. The result is presented in Fig. 2(f), showing
the
√
2×√2R45◦ being reversed to a 1×1 surface after
oxygen annealing. This suggests OV induced by UHV
annealing as the driving force for
√
2×√2R45◦ surface
reconstruction in the surface of BSO thin-film. As for
the electronic structure, ARPES data show that the dis-
persive bands become non-dispersive again (Fig. 3 (j)).
To support the role of oxygen vacancies in√
2×√2R45◦ surface reconstruction even further, we per-
formed another round of UHV annealing (to induce oxy-
gen vacancies again), LEED and ARPES measurements
starting from 600◦C. The idea is to see the effect of UHV
annealing and consequent OVs on the surface, and also
to see if the newly discovered surface reconstruction is
reproduced by UHV annealing (after it had been oxy-
gen annealed) or not. The result is presented in Fig.
2(g) which shows that the
√
2×√2R45◦ starts to reap-
pear. Increasing the annealing temperature to 700◦C and
750◦C leads to even more clear
√
2×√2R45◦ spots (Fig.
2 (h),(i)). As for the relevant ARPES data, the disper-
sive bands reappear too (Fig. 3 (k)). The emergence
of new
√
2×√2R45◦ surface reconstruction on BSO after
UHV annealing, its reversal to 1×1 after O2 annealing,
and its recovery after another UHV annealing provide
conclusive evidences for OV driven
√
2×√2R45◦ surface
reconstruction in BSO thin-film.
Another aspect of our study is the relation between
surface structure and the electronic structure in light
6of newly discovered
√
2×√2R45◦ surface reconstruc-
tion. Surface structure dependent electronic structure
is an important aspect of other oxide surfaces such as
STO[35, 36]. In order to discuss this issue, we look
at the energy-momentum dispersion maps in Fig. 3
more closely. First, we note that, in contrast to previ-
ous ARPES results[29] which reported additional in-gap
states due to intrinsic defects or OVs, no spectral weight
in ARPES near Fermi level are observed (the inset in Fig.
3 (p)) as expected from relaxed and defect-free surface
of our BSO film grown on a BLSO buffer layer. Our ob-
servation that induced carrier or in-gape state density is
extremely low even after 750◦C UHV annealing, clearly
showing the stability of the BSO surface. Other than
the in-gap states, our ARPES data has some similarity
to the earlier work[29]. It is also in overall agreement
with calculated dispersions of BSO and BLSO[24, 30].
We have re-produced band structure calculation of Ref.
[24] to directly compare to our ARPES data as shown in
Fig. 3 (r) . Any inconsistency between our band struc-
ture data from ARPES on the film surface with those of
DFT calculation is not surprising as the calculation in
Ref. [24] has been done for a perfect bulk crystal while
our ARPES data is from reconstructed surface of thin-
film. Integrated EDCs for X-Γ-X and M-Γ-M in Fig. 3
(p) show peaks located at 4, 4.7, 5.5, 6.3, and 8.4 eV
below the Fermi level, with the top of the band edge ap-
proximately at 3.3 eV while at least six dispersive bands
are seen in band calculation results[24, 30].
Perhaps, what is more important is the electronic
structure difference between 1×1 and √2×√2R45◦ sur-
faces, and how they might relate to carrier mobilities
in the surface and interface. While the 1×1 surface
shows non-dispersive bands, the
√
2×√2R45◦ surface
shows very clear dispersions. If these are intrinsic prop-
erties of the two surfaces, the mobility of the carriers in√
2×√2R45◦ surface are expected to be higher. In fact,
increasing the mobility of charge carriers in BLSO thin-
film has been studied and post-treatment methods such
as vacuum annealing is believed to be a way to increase
the mobility[37–40]. Post-treatment methods seems to be
realistic and cost-effective for industrial production pur-
poses. In that sense, our findings could provide useful
information on how UHV/O2 annealing affects the sur-
face and electronic structures necessary to further works
to improve the carrier motion at the interfaces and sug-
gest how further transport studies on UHV/O2 annealed
BSO and BLSO surfaces should be done. We note that
existing transport measurement results cannot say much
about the conductance of the BSO
√
2×√2R45◦ surface
and how it compares with 1×1 surface. Further study
maybe necessary to address this issue.
TABLE I. Summary of UHV surface and electronic structures
studies for BSO thin-film using LEED and ARPES. T: An-
nealing temperature. t: Annealing time (hour). P: Pressure,
RC: Surface reconstruction. ARPES: dispersive (
√
) or non-
dispersive (x) bands from ARPES measurement.
T (◦C) t (h) P RC ARPES
Pre-annealing — UHV (1×1) x
↓ 300 1 UHV (1×1) x
↓ 400 1 UHV (1×1) x
7→ 400 1 1 atm O2 (1×1) x
↓ 300 1 UHV (1×1) x
↓ 400 1 UHV (1×1) x
↓ 500 1 UHV (1×1) x
↓ 700 1 UHV √2×√2R45◦ √
7→ 600 1 400 mTorr O2 (1×1) x
↓ 600 1 UHV √2×√2R45◦ √
↓ 700 1 UHV √2×√2R45◦ √
↓ 750 1 UHV √2×√2R45◦ √
SUMMARY
In summary, we performed LEED and ARPES experi-
ments on PLD grown thin-films of BaSnO3 to probe sur-
face and electronic structures. Our data show that UHV
annealing up to 550◦C gives 1×1 LEED pattern with
non-dispersive bands from ARPES data which suggest
that BSO surface is stable at this temperature. Anneal-
ing at 700◦C leads to a new
√
2×√2R45◦ surface recon-
struction with dispersive bands from ARPES measure-
ment and valence band edge located at 3.3 eV below the
Fermi level. The
√
2×√2R45◦ reconstruction is reversed
to 1×1 by annealing at 600◦C and 400 mTorr oxygen.
This is suggestive of the role of OVs in the development
of new surface reconstruction. A second UHV anneal-
ing starting from 600◦C shows that the
√
2×√2R45◦ ap-
pears again and remains the same for the annealing tem-
perature range of 600-750◦C. As for electronic structure
data, while our experimental data is in partial agreement
with existing calculation results for bulk, further theoret-
ical studies with both surface reconstructions considered
should be done to address the remaining issues. Finally,
we have summarized all our findings in Table. I
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Fig. S 1. Effect of 400◦C 1 atm O2 ex-situ annealing on transparency of the film. (a) Sample A with 400◦C 1 atm O2 ex-situ;
As-grown film is transparent. Upon UHV annelaing at 300◦C it is still transparent and will stay up to 750◦C UHV annelaing.
(b) sample B without 400◦C 1 atm O2 ex-situ annealing; As-grown transaprent sample goes under consequent UHV annealing
starting from 300◦C up to 750◦C. Transparent samples grdually changes into an opaque one as the annelaing temperature
is increased. (c),(d) Show energy distribution curves (EDCs) at kx=0 for sample A and B. Blue curve for sample B shows
emergence of a broad signal at 2.5-3 eV below Fermi level (blue arrow) while sample A has no such feature (red arrow). Inset
shows no conduction band signal near Fermi level.
